ABSTRACT. Slime, the extracellular matrix of Physarum plasmodium, is secreted by the exocytosis of a vesicles that contain a slime precursor. Using an antibody raised against biochemically purified slime, we detected the intracellular localization of the slime vesicle. Slime vesicles are abundant in the advancing front of the plasmodium, as confirmed by electron microscopic observation in two different cross-sectional angles. Screening various reagents, we found that rhodamine-phosphatidylethanolamine (Rh-PE) binds specifically to slime in both its intravesicular and extracellular forms, as confirmed by immunoelectron microscopy using an antibody against fluorochrome rhodamine. The plasmodia vitally stained with Rh-PE exhibited dynamic fluorescent patterns during the course of locomotion. The fluorescence was conspicuous at the periphery of the leading pseudopods and oscillated according to the shuttle streaming that accompanied the relaxation and contraction of the periphery; it was intense in the relaxation phase whenpseudopods extended, and became weak in the contraction phase when pseudopods contracted. The results collectively mean that the slime vesicles carried by the cytoplasmic streaming accumulated prior to secretion at the advancing margin of the plasmodium.
wayincrease the surface area of the plasma membrane. Such an increase in the membranecomponentsis accompanied by a variety of cell shape changes, such as pseudopod extension (13, 48) , neurite elongation (ll, 40) , cytokinesis (10), and yeast budding (21) . Exocytosis has been suggested to take place at the growth cone of growing neurons (20, 21) , at the tips of extending buds of yeast (25), and at the cleavage furrows in dividing cells (9, 15) . These localized exocytotic events implicate a role of exocytotic vesicles in cell shape changes as a supplier of new membranematerials to specific regions in cells, where dramatic expansion of the plasma membrane takes place.
In cells locomoting on substrate, the leading edge has been suggested to be a site for membraneinsertion of exocytotic vesicles. In Hela cells, surface receptors for transferrin and low density lipoprotein have been suggested to be inserted into the plasma membraneat the cell periphery based on their graded distribution with remarkable enrichment in the cell periphery (12, 14) . In A431 cells, immuno-gold labeling revealed that the majority of the newly appearing transferrin receptors on the cell surface arise near the cell periphery (30). Since these receptors are transported to the cell surface by exocytotic mechanisms (27), these results suggest localized exocytosis occurring at the cell periphery. Furthermore, in locomoting CHOcells, immunofluorescence microscopy suggested that Golgi-derived vesicles are delivered to the plasma membraneat the leading edge carrying newly synthesized membraneglycoprotein, vascullar stomatis virus G-protein, which is used as a probe (6, 7, 33) . All these data strongly suggest the involvement of exocytosis in pseudopod formation. However, it has been difficult to directly correlate exocytosis to pseudopod formation, probably because the size of exocytotic vesicles is too small to be observed in live cells.
In Physarum plasmodia, we previously identified the vesicle which contains slime, the plasmodial extracellular matrix, and observed its exocytosis in psuedopodial regions using video-enhanced microscopy (45) . Interestingly, a single exocytosis of the slime-containing vesicle was followed by extension of a single pseudopod. Quantitative analyses demonstrated a close correlation between the exocytotic events and the individual protrusion of pseudopods in terms of location, timing and * Present address: Charles H. Best Institute, University of Toronto, 112 College Street, Toronto, Ontario, Canada M5G1L6.
size. These observations raise the question of whether the exocytosis of the slime-containing vesicles is also correlated to plasmodial locomotion, which results from accumulation of single pseudopod formation. In this paper, we visualized slime secretion in a live plasmodium by use of a specific fluorescent marker, rhodamineconjugated phosphatidylethanolamine, that binds to slime, and correlated the secretory activity of the slime vesicle to the overall locomotory activity of the plasmodium. Whenplasmodia were locomoting on substrate, slime appeared to be secreted at the leading edge, suggesting the correlation between exocytosis of the slimecontaining vesicle and plasmodial locomotion.
MATERIALS AND METHODS
Culture of Plasmodia. The plasmodium of Physarum polycephalum (Carolina Biological Supply Co., Burlington, USA)was fed with oatmeal and housed on damp towel paper set on glass petri dishes in a plastic case (16). For observation, spread plasmodia were developed from the endoplasmic vein (5). In brief, the cytoplasm was isolated mechanically by drawing cytoplasm into a file glass microcapillary with internal diameter of 380 fjtm at cut site, and extruding it into appropriate buffers. Isolated cytoplasm was then cut into 3.0 mmlengths with a razor blade under a binocular microscope. With electron microscopy, we confirmed that the plasma membrane resealed itself within 10sec. As
Baranowski and Wohlfarth-Bottermann (5) described, the cytoplasm began to spread like normal plasmodia, without any signficant time lag, when placed on a 1.5% agar substrate. It then took on a polarized shape having a leading edge and a tail, and exhibited directed movements at later times. Electron Microscopy. Spread plasmodia were fixed in 2.5% glutaraldehyde, \% OsO4 and 50 mMNa-cacodylate buffer at pH 7.0 for 1 hr at room temperature (45) . They were washed three times in water, stained en bloc for 15 min in 2% uranyl acetate and carried through a series of dehydration steps in ethanol and propylene oxide. Specimens were embedded in a 50:50 Epon-araldite mixture. After ultrathin sectioning, sections were stained with uranyl acetate followed by lead citrate, and observed with a JEM-1200EXelectron microscope at the acceleration voltage of 80 kV. For morphometrical analysis, EMnegatives were digitized with a high-resolution drum scanner (DT-S1030AI; Dainippon Screen Co., Kyoto, Japan) at the maximumresolution of 5,200 dpi. The digital images were stored on a 128 MBmagneto-optical disk with a Macintosh 660 AV(Apple Computer, Cupertino, USA). The mean diameter of slime filaments was determined using NIH Image 1.44. Slime Isolation and Anti-slime Antibody. Secreted slime was isolated by following the method previously described (46) . In brief, 25 g of secreted slime left behind the tail of migrating plasmodia was collected, suspended in 20 mMTris-HC1, pH 7.6, and homogenized by sonication for 5 min. The slime was then washed by centrifugation at 6,000 rpm for 10 min successively in three different solutions: first in the buffer containing 5 mMCaCl2, second in the buffer containing 67% ethanol and finally in water. Slime was resuspended in 1%ce-tylpyridium chloride and incubated finally with 0. 8%cetylpyr-idinium chloride overnight at 37°C with rotation. The slime suspension was centrifuged at 6,000 rpm for 10 min at 37°C and the resultant pellet was resuspended in 75 ml of 2 MNaCl containing 10%ethanol using Physcotron. After incubation in 3 volumes of ice cold ethanol for 1 hr, the slime was pelleted and washed twice in ethanol to remove salts. The slime was then dialyzed against water to a final protein concentration of 2 mg/ml. Purified slime was injected into rabbits to obtain the polyclonal antibodies. Immunoelectron Microscopy. Plasmodia spread on the agar substrate were fixed in 1%glutaraldehyde, 4% formaldehyde, 0.2% picric acid, 0.5 mMCaCl2, and 100 mMcacodylate-NaOH, pH 7.0, for 2 hr at room temperature (8). Samples were incubated in 1 mg/ml NaBH4, 0.5 mMCaCl2, and 100 mM cacodylate-NaOH, pH7.0, for 15min on ice, and washed in 0.5 mMCaCl2, and 100mMcacodylate-NaOH, pH7.0, for 20min, and 0.5mM CaCl2 and 50mMmalate-NaOH, pH 4.0. Samples were post-fixed in 2% uranyl acetate containing 50mMmalate-NaOH for 2 hours on ice. They were washed three times in water, stained en bloc for 15 min in 2%uranyl acetate and, carried though a series of dehydration steps in acetone. Specimens were embeddedin LRGold (Polyscience, Warrington, PA, USA). After ultrathin sectioning, sections were mounted on nickel grids and blocked with PBS containing 1% BSA and 0.5% Tween-20, and stained with anti-rhodamine antibody (Nordic Immunological Laboratories, Holland; 1 : 100 dilution) followed by 20-nm colloidal (17), and consequently there was often only one plasmodium spread on a coverslip. They were then observed under a con focal laser microscope (LSM-GB 100, Olympus, Tokyo, Japan). One fluorescence image was created by integration of 4 images taken at 1 sec intervals. Wealso used stained plasmodia without fusion and staining patterns of Rh-PE were indistinguishable from fused ones.
To quantitate the fluorescence intensity at the leading edge, we averaged the digitized fluorescence intensity of 100 /mi width along the direction of the pseudopod extension using NIH images. The peak intensity represented the fluorescence intensity of the leading edge. The cell margin was determined based on the fluorescent images, which was consistent with the images obtained by bright-field microscopy.
RESULTS
Certain vesicular structures accumulates at the frontal region of the plasmodium (Fig. 1) . Those vesicles constitute a certain zone near the edge, as evident in the two kinds of electron micrograph sectioned parallel and perpendicular to the substrate ( Fig. 1A and B). In this zone, the vesicles are loosely aggregated and touch each other while those in the rest of the cytoplasm behind the zone are distributed sporadically. The edge of the accumulation zone is often in contact with the actin meshwork immediately beneath the plasma membrane. The vesicle is 3.3±0.6 /mi (n= 187) in diameter on the average (45), and it is the largest organelle in the Physarum plasmodiumexcept for a few lysosomes. The contents of the vesicle are conjectured to be slime, the extracellular matrix of the plasmodium (45, 49) . Out of various granular structures, this vesicle is the only organelle that is found in the cortical actin meshwork (Fig. 1C) . Spreading plasmodia were sectioned perpendicular (A) and parallel (B and C) to the substrate. In A, the lower side of the image corresponds to the substratum and the plasmodium is migrating toward the left side of the image. In B and C, the substratum is "below" the image, and the plasmodia are migrating upward in the images. Vesicular structure with a diameter of about 3-5^mare abundant at the very periphery of the pseudopodial region. As explained in the text, the vesicle contains slime, the extracellular matrix of the plasmodiumof Physarum polycephalum. These vesicles are loosely aggregated in places to form an accumulation zone near the advancing front where lobopods of the plasmodium keep expanding. The slime vesicle is often found in the actin-rich cortical region. In C, one slime vesicle actually touches the plasma membraneat the apical side. All slime vesicles were indicated with asterisks. Bar; 1 fim in A, 5 fjtm in B, and 3 //m in C.
Wereported that the contents are delivered outside the plasmodia by an exocytotic process by analyzing the behavior of the vesicles in live plasmodium and by the electron microscopic observations of the exocytotic process (45) . Slime secreted from such slime-containing vesicles forms a fibrous appearance on the plasmodiumsurface and thus covers the entire plasmodium surface. In this paper, we try to identify the contents of this vesicle to be slime in an alternative way as follows. For the identification of the vesicle contents, we employed a biochemical method, combined with immunofluorescence. Following the isolation protocol of Shimada et al. (46), we isolated the slime and processed it for electron microscopy. Figure 2 compares the isolated slime with slime in the vesicles and the extracellular space. Slime fibrils before and after exocytosis are morphologically distinct. Those contained in the vesicles are electron-opaque, and become electron dense after exocytosis. The electron-dense nature of the isolated slime fibril resembles the exocytosed fibrils. Slime fibrils before and after exocytosis were similar in diameter 5.7±1.0nm (n=100) and 6.2±1.6nm (n=100), respectively. The isolated fibril had a diameter half the diameter of the fibrils in situ, i.e., 2.8±0.4 nm (n=100). Using the isolated slime as an antigen, we raised polyclonal antibodies in rabbits and stained the plasmodium by the immunofluorescence method. The plasmodium is generally thick, hence inappropriate for conventional fluorescent microscopy. For better resolution, we used the agar-overlay method (26, 32, 39, 45) and combined it with the optical sectioning method either by laser scanning microscopy or the digital deconvolution method with a cooled CCDcamera (3). Figures 3A-Care representative images of the antislime immunofluorescence. The structures identified by the antibodies are dots in the cytoplasm whose diameter is in the range of 2-10 /mi; this matches well with the diameter of the slime-containing vesicle identified by electron microscopy (45) . The dots are highly concentrated in the frontal regions of the plasmodium ( Fig. 3A ; lobopod), compared with other regions such as the strand parts which are less populated with dots (Figs. 3B-C) . Weobserved someother signals muchsmaller than the large dots. There are somediffuse signals in the cytoplasm which are muchmore intense than the background level with the pre-immune serum (Fig. 3D ), but the ultrastructural counterparts are not known. The slime layer is seen outside the plasmodium, depending on the location. As slime is virtually invisible with DIC optics, by these images we were able to demonstrate for the first time the overall morphology of slime layer as it extends throughout the plasmodium. The specimen shown in Figs. 3E-G was prepared in a way different from those shown in Figs. 3A-C. The plasmodiumwas sandwichedbetween a PEI-coated cover-å <*#*à";;å .,,*,^,^;å .,;-.;å à"à"å , v *'f«"å 10" Illi :å «**-?e^ui';-otJIBå å ..I Fig. 2 . Ultrastructures of Slime and the Diameter Distribution of the Fibrils. Three forms of slime fibrils, those secreted (A), those contained in the slime vesicle (B), and those purified biochemically (C), were fixed and processed for electron microscopy in the same way. The secreted slime is electron-dense while slime in the vesicle appears electron-opaque. Purified slime seems similar to secreted slime. The fibril size distribution shown in D, E, and F, which corresponds to A, B and C, respectively, show apparent shift in diameter to the thicker side, while the the average fibril diameter is 6.2 nm, 5.7 nm and 2.8 nm, respectively. This maymeanthat the slime fibrils associate laterally on secretion. Bar; 200nm in A and B, and 100nm in C.
slip and a thin agar film (see Materials and Methods). In the thin intarval, the plasmodiumwas able to spread and migrate. Under these circumstances, however, the migration of the plasmodiumis restricted to an almost two-dimensional space with very little freedom in the zaxis, and the secreted slime does not diffuse freely, but rather seems to stay where it is exocytosed. In this preparation, the hyaline layer has several protruding portions, and at the tip we see a very intense area of slime deposit. The slime layer is stained faintly but is not visible at all in the corresponding region with the DICoptics. These morphologies collectively suggest an exocytotic event of the slime vesicle and delivery of slime to the extracellular space by way of the hyaline layer. The protruding region thus becomes a part of the hyaline layer, implicating the mechanism of pseudopod extension (18).
Thus, we observed the accumulation of vesicles that contain slime at the leading edge of the plasmodium.
Slime is likely to be secreted outward from the vesicles.
Wethought that the secretion of slime in this highly motile organism should be very vigorous, hence we madean attempt to visualize the slime secretion process in a live plasmodium so that its dynamic nature could be correlated with locomotion. After screening various reagents, we fortunately found that rhodamine-phosphatidylethanolamine (Rh-PE) stains the slime. Dil and eosin exhibited a specific staining pattern but did not correspond to slime distribution (data not shown). Rhodamine gave a stain quite close to Rh-PE, but was not used due to occasional unspecific staining patterns. We first tried to confirm that Rh-PE binds to slime fibrils. To do this, we stained the live plasmodium with Rh-PE, and then fixed and processed it for immunostaining with the antibodies against rhodamine. Evidence is presented here at two levels of resolution, i.e., the immunofluorescencelevel and the immunoelectron microscopic level. The Rh-PE signal is found in the entire cytoplasm in optical microscopy. Image processing, however, reveals the signal consists of a cluster of dots (inset in Fig. 4A ). The dot diameter is 3.55±1.22 /mi (n=287) and is very close to the slime vesicle diameter Fig. 4 . Immunoelectron Microscopy with Anti-rhodamine. Live plasmodium was first stained with Rh-PE, and then fixed and processed for immunostaining. The three images in the left panel are the same field of the advancing front of the plasmodium: fluorescent image of Rh-PE (A), immunofluorescence of anti-rhodamine (B), and the merged image with the Rh-PE in red and the anti-rhodamine in green (C). While the Rh-PE signal is found throughout the cytoplasm, close examination with image processing reveals the stained regions are composed of dots. By contrast, the anti-rhodamine signal of the same field is predominantly not found in the cytoplasm but outside the plasmodium, except for the very tip of the front edge where the anti-rhodamine signal appears to be small patches and strands probably corresponding with surface invagination. The anti-rhodamine signal outside the plasmodium has punctuate appearances as shown in the inset of C. In D, E, and F, the anti-rhodamine signal was detected with colloidal gold particles at the electron microscopic level. The gold particles are predominantly found on the fibrous material outside the plasmodium(D). In a magnified view (E), it is obvious that the signal does not lie uniformly on the fibrils but has someregular spacing, which maycorrespond to the punctate staining pattern at the optical microscopic level. The gold particles are also found in slime vesicles (F). Bar; 100 /am in A, 20 /xm in the inset ofA, 1 fim in D, 0.3 //m in E, and 1 /an in F. The inset ofC is the same magnification as the inset ofA. obtained in electron microscopy ( Fig. 1 ) and anti-slime immunofluorescence microscopy (Fig. 3) . There are regions close to the edge of the advancing front with relatively strong fluorescence. Towardthe inner portion of the cytoplasm, the fluorescence intensity gradually becomeslower. The presence of the yellow near the advancing front in the double stain image (Fig. 4C) suggests accumulation of the slime vesicles. As shown in the inset, the anti-rhodamine signal in green consists essentially of dots, either in the cytoplasm or in the extracellular milieu. The extracellular anti-rhodamine signal forms a belt covering the advancing front from outside. In marked contrast with the Rh-PE signal, the anti-rhodamine signal is quite low in the cytoplasm, but interestingly is very high in the extracellular space. For immunoelectron microscopy, we employed the post-embedding method (8) to minimize the problem of accessibility of antibodies. The extreme abundance of the anti-rhodamine signal in the extracellular matrix rules out the possibility that the relatively low signal in the cytoplasm can be caused by the lowered penetration of the antibody (Fig. 4D) . With the fixative that seems far less harsh to allow the post-embedding staining, the slime fibril is well preserved and the loss of cytoplasm is relatively suppressed. The gold particles are specifically present on the exocytosed slime fibrils outside the plasmodium. The slime fibrils seem to be bundled in places and the gold particles appear not to be distributed evenly on the slime fibrils but to have some sort of banding pattern. The contents of the slime vesicle are deposited with gold, although the signal is less abundant in vesicles than that in the extracellular matrix. The bulk cytoplasm virtually exhibits no specific staining of gold irrespective of the distance from the edge. In the control stain without the primary antibody, the number of gold particles was not significant (data not shown). By use of the two methods each with their distinct resolutions, it is obvious that both forms of slime, i.e., intracellular and extracellular, bind Rh-PE since both are identified with the anti-rhodamine antibody. A striking difference between the two forms of slime does not reside in the slime forms themselves, but in the bound Rh-PE. The fluorescence intensity of the Rh-PE is relatively high in the slime vesicles and becomes low when it is delivered outside the plasmodium by exocytosis of slime to which Rh-PE is bound.
The direct observation of the secretion process of slime from the plasmodium was enabled as follows. To visualize a portion of the slime vesicles directly involved in the secretion event at the margin, an appropriate level of the Rh-PE fluorescence intensity had to be obtained. To do this, we used the cytoplasmic vein described previously (5). Cytoplasmic veins were prepared by puncturing the strand part of the plasmodium. Freshly gelled endoplasm was retrieved into a fine glass capillary and extruded into a buffer solution to makea fine endoplasmic vein (5). By doing so, most of the cytoplasmic surface is free of slime, hence Rh-PE is quite accessible to the cytoplasmic targets. This also minimized the possibility of the pre-existing extracellular slime to be stained by Rh-PE. The endoplasmic vein thus prepared was stained with Rh-PE as described above and allowed to spread on an agar film. They were observed with a laser scanning microscope with accelerated scanning rates.
The specific fluorescent pattern shown in Fig. 5 was observed in a restricted layer of the plasmodiumat a distance of 50 to 200 fjtm above the agar substrate. The Rh-PE fluorescence was dim and did not have any specific pattern in the other layers of the optical sections. Specific fluorescence was found at the rim of the cytoplasm of the advancing front to form an arc (Fig. 5) . The fluorescence oscillated and the peak site of the fluorescence was stable at 10 to 20 ptva from the edge as shown in Fig.  6A . The fluorescence oscillation period is in the range of several tens of seconds and corresponds to the shuttle streaming period (31). Weobserved the flow of the endoplasm to and from the fluorescence site corresponding to the fluorescence oscillation. In contrast a consistent pattern was not observed in the plasmodiumstained with Dil (data not shown).
The fluorescence oscillation was observable only when the observed site showed locomotory activities.
Whenmigration ceased, the fluorescence disappeared and the oscillation becameobscure. In the case shown in Fig. 5 , a narrow portion of the advancing front became brighter (frames 130-180).
The fluorescent portion continued to advance to makea protrusion in the region. As the fluorescence lowered, the deformation of the region ceased (frames 190-240) . Thus the edge advancement was closely correlated with the changes in the fluorescence. The migration velocity was high when the fluorescence was high, and vice versa (Fig. 6C) . The peak displacement between the velocity and the fluorescence was zero in some cases, and in other cases showed the fluorescence peak slightly behind the velocity peak (Fig.  6D ).
DISCUSSION
The presence of a vesicular structure together with its relevance to the secretion of slime, the extracellular matrix of the Physarum plasmodium, was originally described by Stiemerling (49) . It was first identified by electron microscopy and shown to be implicated in the secretion of slime by ruthenium red staining method (52) . Recently, we identified the slime vesicle in live cells using high-resolution video-enhanced microscopy combined with electron microscopy of the same sample (45) . In the present study, we further identified the slime vesicle by immunofluorescence and immunoelectron microscopy using the antibody raised against purified slime. The ultrastructure of purified slime is indistinguishable from the slime contained in the slime vesicle (Fig. 2) . The antibody detects the vesicle contents as well as the slime on the extracellular layer (Fig. 3) . Under conditions that suppress the diffusibility of the secreted slime, the slime was localized primarily at the tip of a protrusion from the lobopod with a hyaline texture . This is consistent with our previous observation that slime secretion leads to the surface protrusion of plasmodia at pseudopods (45) . Although freshly secreted slime is virtually invisible with conventional optical microscopy, the obtained immunofluorescence pattern is consistent with the observation with electron microscopy (Fig. 1) . Taken together, the present paper immunohistochemicallydemonstrates that the contents of the vesicle identified ultrastructurally by the WohlfarthBottermann group is slime. Slime is, therefore, secreted from the slime vesicle by an exocytotic process. Slime secretion takes place at the leading edge of a pseudopod. Prior to secretion, the slime vesicles appear to be accumulated near the cell edge. The vesicular structures positive in the anti-slime fluorescence were quite crowded at the very margin of the frontal region of the plasmodium especially in the z-axis, so that even the deconvoluted images were sometimes blurred by comparison with the signals in the other thinly spread regions (Fig. 3F) . Accumulation of the slime vesicles is also confirmed in electron microscopy. Ultrathin sections in two faces perpendicular to each other guarantees the accumulation of slime vesicles near the hyaline layer (Fig. 1) . The Rh-PE staining of live cells also supports this view (Fig. 5) .
Vesicle accumulation obviously requires a mechanism^) by which only the slime vesicle is accumulated and invades the actin-rich cytoskeleton of the pseudopod. Although we have no direct evidence here, the interaction between exocytotic vesicles and the plasma membranehas been reported in other systems. Dense granules contained in platelets are docked on the inner side of the plasma membraneprior to secretion. Such anchorage of vesicles is supported by a specific structure ultrastructurally identified as bridges between the vesicle surface and the plasma membrane (36, 37) . As to how slime vesicles invade the hyaline layer, probably the surface proteins bound to slime vesicle have properties of interacting with actin filaments cytoskeleton, either by severing the actin filaments comprising the hyaline pseudopod, or by sliding into the actin meshwork by motor proteins. Synaptic vesicles that proceed to the anchoring site at the presynapse through the dense actin meshworkis shown to have several actin binding proteins on the surface (4, 28, 42) .
Following the accumulation, the fusion of slime vesicles with the plasma membranetakes place at the leading edge of the pseudopod. Secretion of slime has been conjectured to take place in an exocytotic process by electron microscopic observations as follows (45, 49) .
First, only slime vesicles can invade the dense actin meshwork, approached from the granuloplasm toward the edge of the pseudopod. Some slime vesicles are closely positioned to the plasma membrane, and are often in contact with each other, thus forming an accumulation zone beneath the plasma membrane. Then, often in the neighboring regions, slimes vesicles are in contact with the plasma membrane (Fig. 1C) . Wedid not see such a bridge-like structure betweenthe two membranes as observed between the dense granules and the plasma membrane in platelets (37) . Finally, the vesicle is fused with the plasma membraneand the contents are exposed to the extracellular space. The staining pattern shownin Fig. 3 strongly indicates exocytosis of slime; in the nearby region anti-slime positive dots are present in great abundance, suggesting the delivery of slime from the slime vesicles. This set of data adds an extra finding that slime section maybe coupled with the protrusion of the pseudopod, as discussed below. Exocytosis of slime vesicle was observed in the live plasmodiumusing videoenhanced microscopy (45) ; slime vesicles first invade a pseudopodial region and then disappear near the advancing front of the plasmodium. Polarized secretion together with its biological function has been well documented not only in cell locomotion, but also in transport of proteins and lipids in MDCK cells (23), neurite extension (20, 21), cytokinesis (9, 15) and yeast budding (22, 25) .
Slime secretion is coupled with surface contraction during cell locomotion. The fluorescence dynamics of Rh-PE in the live plasmodium (Figs. 5 and 6) indicates that the rise in fluorescence maycorrespond with the accumulation of slime vesicles at the advancing front of the plasmodium. Accumulation may be followed by secretion, as supported also by the electron microscopic observations (Fig. 1 ) and the immunofluorescence observations (Fig. 3) . If this is the case, then the fluorescence decay after the accumulation might be consistent with the finding that Rh-PE fluorescens more intensely when contained in slime vesicles than whenit is exocytosed together with the slime. Presence of Rh-PEbound to secreted slime, together with its marked decrease in fluorescence intensity after secretion, is demonstrated by immunofluorescent and immunoelectron microscopy with antibodies against rhodamine (Fig. 4) .
Our novel finding is that slime secretion and the cell's locomotory activity are closely correlated tightly with each other spatially and temporally, as revealed by the quantitative analysis of changes in Rh-PE staining pattern in live cells (Fig. 6 ). Prior to slime secretion, slime vesicles migrate toward the advancing front of the plasmodium. Slime is secreted through the ensuing accumulation step as explained above. Concomitant with these repeated cycles of accumulation and secretion, the bulk cytoplasm flows toward and back from the frontal region, in a rhythmic flow of cytoplasm in the plasmodiumknownas the shuttle streaming (31). Since the shuttle streaming is closely correlated with the contractionrelaxation cycle of the ectoplasm, the plasmodiumcortex (38) , we now know that the secretion of slime from the slime vesicles occurs in the contraction phase in the cortex, when the bulk cytoplasm flows back from the cortex. Also the accumulation of slime vesicles appears to take place in the relaxation phase. This notation is consistent with our observation shown in Fig. 5 . As to why Rh-PE fluorescence decreases after it is accumulated together with the bound slime at the cell edge, we believe one or more of the following possibilities to be true. First, a portion of the fluorescence decrease mayreflect the portion of slime vesicles that flows back from the periphery, not being captured by the accumulation zone. Second, there maybe lateral flow or even vertical flow of slime fibrils that would explain the decrease, especially when observed with a laser scanning microscope. Third, the fluorescence may be quenched in the aqueous environment, since the nonaqueous environment inside the slime vesicles is based on the hydration properties of the slime-type extracellular matrix (Scott, 1989) .
